Supplementary Information is organized as follows. First we discuss in more details the methods employed in our study, with emphasis on the crystal identification protocol. We then show that the microscopic mechanism of crystallization discussed for HS in the main text, also applies to other relevant classes of systems. In particular we examine: i) the Gaussian Core model (GCM), a model for self-avoiding polymers in an athermal solvent, which belongs to the class of ultrasoft potentials [1] ; ii) the Mw model, a model for water, which belongs to the class of tetrahedrally coordinated liquids [2] .
for their positive and negative values of W 4 (Fig. S1d) . We have checked that these symmetries are left unchanged if computing the maps at different average densities (or pressures).
We finally adopt the following criteria for crystal classification: First crystal particles are identified as described in Methods and SI. Then, we identify i) bcc particles as all crystal particles with W 6 > 0; ii) hcp particles as all crystal particles with W 6 < 0 and W 4 > 0; iii) fcc particles as all crystal particles with W 6 < 0 and W 4 < 0. Now we justify the claim made in the article that high q 6 particles correspond to icosahedra. To spot icosahedra we follow the definitions in Ref. [3] , which we briefly summarize The maps show that crystals have higher values of Q 6 than the supercooled liquid. We can also see that the supercooled liquid prior to crystal nucleation consists of its major liquid portion (the dark gray region; Q 6 < 0.35) and minor solid portion (the tint gray region; Q 6 > 0.35). The polymorphs can be identified by exploiting their symmetries along different axes: bcc crystals have W 6 > 0, whereas hcp and fcc crystals are both characterized by W 6 < 0 and have respectively W 4 > 0 and The map clearly shows that high q 6 particles are characterized by a low value of w 6 , and are thus particles in icosahedral environment.
here. Icosahedra can be identified by thresholding the value of the following order parameter
where the term in parentheses is the Wigner 3 − j symbol (which is different from zero only when m 1 + m 2 + m 3 = 0), and q lm are the Steinhardt bond orientational order parameters defined in the Methods section. Following Ref. [3] icosahedral particles can be identified as particles having w 6 > 0.023. As shown in Fig. S2 , particles with high q 6 all lay within the region which identifies icosahedral environments. We have thus shown that the high q 6 particles, which form the final liquid stable branch at high densities, are in fact icosahedral particles.
With the criteria for identifying crystal particles it is possible to obtain the free energy barrier and the critical cluster size from Umbrella Sampling simulations, where a biasing potential is added to the system Hamiltonian to sample crystalline clusters of large sizes.
The details of the implementation can be found in Ref. [4] . Fig. S3 plots the free energy barrier β∆F as a function of cluster size. The free energy barrier between the metastable liquid phase and the crystal phase at βpσ 3 = 17 is β∆F 18, and the size of the critical nucleus is 80. These results are in good agreement with the ones in Ref. [5] . In this condition crystallization is a rare event, for which not only long trajectories can be obtained for the supercooled melt, but also enough nucleation events can be observed spontaneously. Nuclei composition was calculated also for pressures βpσ 3 = 13, 15 with Umbrella Sampling configurations and no sensible change in the polymorph composition was found with respect to the reported pressure βpσ 3 = 17.
Gaussian Core model
The Gaussian Core model (GCM) describes the effective potential between the centres of mass of polymers dispersed in a good solvent. It consists of pairwise sum of Gaussian components, first introduced by Stillinger [1] . The GCM belongs to the class of ultrasoft potentials, for which there is no divergence at contact. Unlike HS, soft particles can crystallize in open structures, such as the bcc crystal. We have recently published a detailed account on the nucleation pathway in the GCM [6] , and thus we report here the results relevant for our new analysis. In the following we study the nucleation in the GCM for P = 0.05 and T = 0.0052, where the units of length and energy are given by the standard deviation and amplitude of the Gaussian potential (as usual in the literature [7] ). According to the phase diagram calculated in Ref. [8] , the chosen state point has the bcc as the stable bulk crystal. We follow the crystallization of 200 isobaric Monte Carlo trajectories starting from a metastable fluid phase. Crystal particles are identified with the following set of parameters (defined in the previous section), N c = 9 and q thr = 0.6, and the different polymorphs distinguished with the same criteria as HS. ). The composition of the nucleus for n < n c is approximately constant, whereas, for n > n c , the fraction of the bcc polymorph increases at the expenses of both the fcc and hcp phases. 
Mw model for water
The monoatomic model of water (Mw) is essentially a reparametrization of the StillingerWeber potential to account for the structural and thermodynamic properties of water [2] .
The model has been very successful in describing the supercooled behaviour of water and, unlike all-atom models, it crystallizes relatively easily. Because of its distinctive physical properties and its paramount importance, water is a very good test for our microscopic description of crystallization. Unlike both HS and GCM,
• the density of the solid phase is lower than the liquid phase. We should then expect an anticorrelation between bond orientational order and density, i.e. the density decreasing (instead of increasing, as in HS) with an increase of bond orientational b, W 4 probability distribution for the same set of particles as in panel a.
order;
• the solid phases of water at ambient pressure are the hexagonal ice (Ih) and the cubic ice (Ic), providing a possibility to test our polymorph selection criteria for these target crystals.
To detect crystal particles we make use of the CHILL algorithm [10] , which is a natural extension of the methods described previously for HS to account for the tetrahedral arrangement of particles. For particle i, we define the four closest neighbours (j 1 · · · j 4 ) and for each bond we compute the scalar product s 3 =q 3 (i) ·q 3 (j). Staggered bonds are characterized by s 3 < −0.8 and eclipsed bonds by −0.3 < s 3 < 0.1. The Ih crystal is characterized by having one eclipsed bond and three staggered bond, whereas Ic crystal has all four bonds in a staggered configuration. Also defective crystal configurations are detected by following the rules in Ref. [10] . The definition of these defects varies somehow in the literature, as in
Refs. [11, 12] , but we tested that our results are independent of the details of this choice.
Testing the symmetry of liquid particles is more subtle. In order to find an order parameter which can distinguish between the Ic and Ih symmetry, we need to take into account the second coordination shell, which comprises 16 molecules. In this case we have found that the W 4 provides a very good way to distinguish between Ih and Ic, with Ih having W 4 > 0 and Ic W 4 < 0.
Simulations at both T = 180 K [13, 14] and at T = 220 K [12] This explains why Ic crystals are the most abundant polymorph at this state point.
We have thus shown that in a large class of potentials (hard, ultrasoft and tetrahedral) nucleation occurs always in regions of high bond orientational order, and that these regions share the same symmetry of the nucleating solid phase. This suggests the universality of our scenario.
